Background Debate continues about the consequences of adolescent cannabis use. Existing data are limited in statistical power to examine rarer outcomes and less common, heavier patterns of cannabis use than those already investigated; furthermore, evidence has a piecemeal approach to reporting of young adult sequelae. We aimed to provide a broad picture of the psychosocial sequelae of adolescent cannabis use.
Introduction
Marked shifts have taken place in attitudes to cannabis use. 1 Moves to decriminalise or legalise cannabis use in several US states and Latin American countries are a sign of such changes in public opinion. 2 These shifts have happened while debate continues about the long-term health and social sequelae of adolescent cannabis use. 3, 4 Additionally, in some countries adolescents are initiating cannabis use earlier than have those in previous years 5 and more adolescents are using cannabis heavily. [6] [7] [8] In England, 4% of [11] [12] [13] [14] [15] year olds are past-month cannabis users; 7 about 7% of US high-school seniors are daily or near-daily cannabis users; 8 and in Australia, less than 1% of [14] [15] [16] [17] [18] [19] year olds use daily and 4% use weekly. 6 This prevalence is particularly concerning because adolescence seems to be a vulnerable developmental period for the consequences of cannabis exposure, 9 and evidence suggests that early use of cannabis is associated with increased risk of adverse developmental outcomes. [10] [11] [12] [13] [14] Persisting questions about the long-term eff ects of adolescent cannabis use have clouded debate. 12, 15, 16 The existing evidence has limitations, including limited statistical power to examine rarer outcomes and less common, more regular patterns of cannabis use than those already assessed; insuffi cient control for confounding; and a tendency to examine only one outcome or domain. As such, the picture of adolescent cannabis use and its putative health consequences is fractured. We address this issue through the integration of data from three large, long-running longitudinal studies from Australia and New Zealand: the Australian Temperament Project (ATP), 17 the Christchurch Health and Development Study (CHDS), 18 and the Victorian Adolescent Health Cohort Study (VAHCS). 19 In this integrative meta-analysis, we examined the long-term sequelae of adolescent cannabis use on important domains of wellbeing during the transition to adulthood. Specifi cally, we aimed to develop similar measures of cannabis use and each outcome across all cohorts; examine the association between patterns of use before age 17 years and each outcome in combined data; and adjust the associations reported for a wide range of potential confounding factors drawn from similar domains across studies spanning individual, family, and peer characteristics and behaviours.
Methods

Design and participants
Integrative analyses were developed across the ATP, CHDS, and VAHCS (appendix). The analyses were based on data obtained over relevant assessments (appendix) between ages 13 and 30 years. We chose these cohorts because they had similar measures of cannabis use and outcomes that allowed eff ective harmonisation. We integrated participant-level data rather than using the more common meta-analytic approach of combining study-level estimates. This approach had at least three advantages: increased sample size and statistical precision, 20,21 the opportunity to include a wide range of potential confounding factors, and the ability to provide a broad picture of the health and psychosocial consequences of adolescent cannabis use.
Measures and outcomes
Studies varied in measures used to assess cannabis use and outcomes, assessment period (eg, past month, past year), and timings of assessment. However, suffi cient commonalities existed to enable integration of data 22, 23 and development of measures that were consistent across studies. 22, 23 We assessed seven outcomes in young people aged between 17 and 30 years, spanning educational attainment, substance use, mental health, and welfare dependence. The number of participants varied by outcome (from 2537 to 3765 participants). We chose the outcomes on the basis of previous research that established a link between a given outcome and cannabis use, and the availability of similar outcome measures across the cohorts. Derivation of the harmonised variables is summarised below, with additional information in the appendix. All dichotomous variables were coded as 0 for no and 1 for yes.
All studies included measures of frequency of cannabis use during mid-adolescence (appendix). We created a fi ve-level measure of the maximum frequency of cannabis use before age 17 years (with 0 as never, 1 as less than monthly, 2 as monthly or more, 3 as weekly or more, and 4 as daily).
All studies obtained data for the completion of high school and university degree attainment. We created a dichotomous measure of high-school completion, and university degree attainment, both by age 25 years.
All studies included a measure of symptoms of cannabis dependence in the past 12 months. The CHDS and VAHCS assessed cannabis dependence with the Composite International Diagnostic Interview. The ATP obtained data for the frequency of fi ve symptoms of cannabis dependence. We created a dichotomous measure of cannabis dependence in the past 12 months between ages 17 and 25 years.
All studies obtained data about use of other illicit drugs in the past month or past year from several categories: inhalants, hallucinogens, ecstasy, amphetamines, methamphetamines, heroin, cocaine, and non-medical use of prescription drugs. We created a dichotomous measure for use of other illicit drugs in the past month to the past year by ages 23-25 years.
The CHDS assessed number of suicide attempts at yearly intervals from ages 17 to 25 years. The VAHCS used the Beck Self-harm Inventory at seven assessment times between ages 16 and 29 years (on average). On the basis of specifi c items, participants who reported selfharm with a serious intention to end life (eg, suicide attempt) were categorised. We created a dichotomous measure of any suicide attempt made between ages 17 and 25 years for the CHDS and VAHCS. The ATP did not assess suicidal behaviour.
The studies all used diff erent measures to assess depression, and completed assessments at diff erent ages. The CHDS used the Composite International Diagnostic Interview, the VAHCS used the Clinical Interview Schedule, and the ATP used the depression subscale from the short-form Depression Anxiety Stress Scale. We created a dichotomous measure of moderate or severe depression in the past week to the past month between ages 17 and 25 years.
The studies obtained data about present main source of income, including various categories of government support. Because patterns of income are not typically established until the late 20s, 24 we used data from the ATP at ages 27-28 years, data from the VAHCS at age 29 years, and data from the CHDS at age 30 years. We created a dichotomous measure of present welfare dependence (excluding education-related government support) at ages 27-30 years.
We noted small between-study variations in the prevalence of adolescent cannabis use and some outcomes (appendix) that might be expected to be present in cohorts obtained from regions of similar cultural and sociodemographic backgrounds.
We selected potential confounding factors from each study on the basis of previous research suggesting that the variables might be correlated with both cannabis use and adverse psychosocial outcomes. These confounding factors spanned individual background and functioning, and parental and peer factors. Factors assessed antecedent to cannabis use were included when available. The appendix provides further information about potential confounding factors.
Statistical analysis
The analysis was based on an integrated dataset that combined participant-level data from the cohorts. The analysis was conducted in four stages. First, we estimated association between extent of adolescent cannabis use and each outcome with data from each study and from the combined dataset. This analysis examined associations See Online for appendix For more on the ATP see http:// www.aifs.gov.au/atp between the extent of adolescent cannabis use and each outcome with data from each study and from the combined dataset. We tested associations for signifi cance by fi tting logistic regression models to the data from each study and from the combined dataset in which the log odds of each outcome were modelled as a linear function of the fi ve-level measure of frequency of cannabis use. The models for the combined data were of the form: logit (Yij)=B0j + B1Xij where logit (Yij) was the log odds of the outcome Y for individual i in study j (j=1, 2, 3), and Xij was the corresponding frequency of cannabis use for individual i in study j. The slope parameter for cannabis use (B1) was assumed to be constant across studies. However, the model included study-specifi c random intercepts (B0j) to allow for random sources of betweenstudy heterogeneity that were not otherwise represented in the model. We obtained eff ect-size estimates (odds ratios [ORs] and 95% CIs) for the combined data pooled over studies.
Second, we adjusted for covariates. To account for confounding factors, we extended the models in the fi rst equation to include these factors. These models were of the form: logit (Yij)=B0j + B1Xij + ΣBkjZikj where Zkj was a series of covariate factors representing the complete set of covariates across all studies j. Overall, we included 53 factors (appendix), but not all these covariates were measured by all studies. To address this inconsistency we developed a null covariate model. In this model if a covariate was not noted for any study, we set this covariate to a value of zero for that study. The advantage of this approach is that it included all the available data in the analysis. The appendix provides further information about this approach. We obtained estimates of the pooled adjusted ORs and 95% CIs. The above models assumed a linear eff ect of cannabis use on the log odds of each outcome, and a common slope parameter (B1) for the eff ect of cannabis use across studies. To test these assumptions, we extended the above adjusted models in two ways. We fi rst did Wald χ² tests to examine the improvement in fi t of a categorical representation of cannabis use over and above the linear model for each outcome. In all cases a linear model provided an adequate representation of the eff ect of cannabis use and no signifi cant departures from linearity were detected. We then extended the models to allow the slope parameter for cannabis use (B1) to vary across studies, and then we did Wald χ² tests to test for between-study heterogeneity in the eff ect of cannabis use. In all cases these tests were nonsignifi cant, suggesting that the assumption of a common slope was justifi ed for all outcomes.
For the third stage of the statistical analysis, we did a sensitivity analysis. Although the null covariate model off ered the advantage of enabling analysis of all available data, this method could have introduced study-specifi c biases. To examine the robustness of the null covariate model, we compared results with four alternative estimates of the adjusted ORs, which we derived with a harmonised covariate approach using a reduced set of covariates common to all studies; a covariate score approach in which we used the covariate information in each study to derive an optimum predictor of each outcome, and the single predictor score as a covariate in the combined data; a propensity score approach in which we used the covariate data in each study to derive a prediction model for adolescent cannabis use, and included the estimated propensity score as a covariate for each study; and a standard meta-analytic approach in which covariate-adjusted analyses were done separately for each study, and the study-level result then pooled meta-analytically (appendix). Fourth, we investigated the potential for selection bias. We used multiple imputation to examine the implications of possible selection bias attributable to sample attrition and missing data (appendix).
We did all analyses with STATA SE (version 13).
Role of the funding source
The sponsors of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the data in the study and had fi nal responsibility for the decision to submit for publication. Table 1 shows the associations between frequency of cannabis use before age 17 and the outcomes in young adults in each study and in the combined dataset, and the tests of signifi cance from the fi tted regression models for each outcome. At the individual study level, we recorded evidence of signifi cant associations for all outcomes, except depression and welfare dependence in ATP and VAHCS (table 1) . For the combined data, all associations were signifi cant, with clear evidence of a dose-response association in which increasing frequency of adolescent cannabis use was associated with declining rates of highschool completion and degree attainment, and increasing risks of cannabis dependence, other illicit drug use, suicide attempt, depression, and welfare dependence. Table 2 and fi gure 1 show estimates of eff ect size for each level of cannabis use estimated from the regression model fi tted to the combined data for each outcome. We adjusted the associations in table 1 for confounding by adding the relevant covariates for each study with the null covariate adjustment approach. We included 53 covariate factors from the three studies in the analysis. These covariates spanned individual background and functioning, and measures of parental and peer factors (appendix). Daily between the extent of cannabis use and each outcome in the combined data. After adjustment, the associations for depression and welfare dependence were both nonsignifi cant and negligible in size (table 2) . For all other outcomes the associations remained signifi cant (table 2) . The estimates for adjusted ORs suggested that individuals who were daily users before age 17 years had odds of high-school completion and degree attainment that were 63% and 62% lower, respectively, than those who had never used cannabis; furthermore, daily users had odds of later cannabis dependence that were 18 times higher, odds of use of other illicit drugs that were eight times higher, and odds of suicide attempt that were seven times higher (table 2, fi gure 2). Results of Wald χ² tests of between-study heterogeneity in the eff ect of cannabis use were non-signifi cant (data not shown), suggesting that the associations were similar across studies for all outcomes.
Results
To examine the sensitivity of the results for adjusted ORs in table 2 to choice of model for adjusting covariates, we repeated the analyses with four alternative approaches to covariate adjustment: harmonised covariate, covariate score, propensity score, and standard meta-analysis (appendix). The fi ndings from table 2 were replicated by these analyses, showing that the results were not dependent on the methodology used to estimate the covariate-adjusted associations. Further analysis using multiple imputation of missing data to control for potential sample selection bias produced fi ndings that were entirely consistent with those of the recorded data (appendix).
Discussion
Our fi ndings show clear and consistent associations between the frequency of adolescent cannabis use and all adverse young adult outcomes. These associations had dose-response characteristics across all seven outcomes, with the strongest eff ects shown for daily users. For all but two outcomes, associations were resilient to control for the range of potential confounding factors assessed. With control for potential observed confounders, the strength of association substantially reduced, and fi ve of the outcomes remained signifi cant. After adjustment, individuals who had used cannabis daily before age 17 years had odds of high-school completion and degree attainment that were lower than those who had never used cannabis before age 17 years, and higher odds of cannabis dependence, use of other illicit drugs, and suicide attempt. Results were robust to four alternative approaches to covariate adjustment and imputation of missing data.
Several aspects of the study fi ndings support the possibility of a causal relation. First, we recorded strong associations between adolescent cannabis use and all young adult outcomes investigated. Second, the associations had dose-response characteristics with increasing frequency of adolescent use. Third, most associations were resilient to control for potential confounding factors present before and during adolescence. Studies such as ours are limited in their capacity to explain the mechanisms behind such associations, although some research has suggested that heavy cannabis use in adolescence might aff ect CNS development; 9 alternatively, cannabis use in adolescence could be a marker of developmental trajectories that place young people at increased risk of adverse psychosocial outcomes. 25 Study fi ndings in relation to high-school completion, university degree attainment, cannabis dependence, and use of other illicit drugs are consistent with previous research investigating the association between early cannabis use and these outcomes. 10, 12, 13, 23 Although the association between cannabis use and high-school completion probably does not arise from a reverse causal association (school dropout leading to cannabis use), 26 this possibility remains plausible. 10 The strong adjusted eff ects noted for suicide attempt add to a small body of research that supports a more direct relation between cannabis use and suicidal ideation. 27 Depression and welfare dependence were not signifi cantly associated with adolescent cannabis use after adjustment. This fi nding is consistent with previous reviews, which concluded that the eff ect of cannabis use on these psychosocial outcomes could plausibly be explained by
Panel: Research in context
Systematic review
We did a review of systematic reviews published since the key 2004 paper by Macleod and colleagues. 15 We searched Medline, Global Health, Embase, PsycINFO, and PsycARTICLES with the terms "cannabis or marijuana" and "systematic review" for reports about the eff ect of cannabis use on psychosocial outcomes (eg, school or university completion, welfare dependence), cannabis dependence, use of other illicit drugs, depression, and suicide. We identifi ed 290 non-duplicate reports, of which nine focused on our key outcomes. Both cross-sectional and longitudinal data link cannabis use with high-school dropout, although reverse causality (dropout leading to cannabis use) remains plausible. 10 Although no review of welfare dependence was identifi ed, existing data from our study cohorts link cannabis use with welfare dependence and unemployment. 11 Use of cannabis is associated with development of both cannabis dependence and use of other illicit drugs. 12, 13 Although a causal association with depression is in doubt, 12, 16 heavy use in particular, increases the odds of depression. 14 Initial reports also suggest that prenatal exposure eff ects subsequent depression. 34 Presently, evidence is insuffi cient to cite a causal link with suicide. 35 Interpretation Study fi ndings suggest that adolescent cannabis use is linked to diffi culties in successfully completing the tasks that mark the transition to adulthood. Prevention or delay of cannabis use in adolescence is likely to have broad health and social benefi ts. The fi ndings are relevant given the movement in some countries to decriminalise or legalise cannabis raising a possibility that cannabis might become more accessible to young people. In the rapidly changing political and legislative landscape, protection of adolescents from the potential adverse eff ects of cannabis use is an important facet of legislative reforms for cannabis. Eff orts to reform cannabis legislation should be carefully assessed to ensure they reduce adolescent cannabis use and prevent potentially adverse eff ects on adolescent development. potential confounding factors that had not been adequately controlled for in studies to date. 15, 16 This study has some limitations. First, there was some between-study variation in the levels of the outcomes, which could have been shown by variations in estimates of eff ect size across studies. However, such estimates were very similar, with Wald tests providing no evidence of signifi cant between-study heterogeneity. Second, the criteria for depression in the Australian Temperament Study were weaker than those in other studies. However, irrespective of the way in which depression was measured, the same conclusion holds. Third, although we controlled for many potential confounding factors, the possibility that the recorded associations might show the eff ects of unmeasured or uncontrolled confounding cannot be completely ruled out. 15 Residual confounding could attenuate the associations. However, analyses that have used fi xed-eff ects regression to control for non-observed confounders suggest that associations between cannabis use and various outcomes persist. 28, 29 Methods of fi xedeff ects regression 30 provide a means to control for nonobserved fi xed sources of confounding of the associations between an exposure variable and an outcome in repeated measures data. Fourth, measures were obtained by selfreport, which might be subject to socially desirable response bias, the extent of which can vary with age. 31 Presence of such bias could lead to over-reporting or under-reporting of cannabis use. In face-to-face settings (as is generally the case for the cohorts in this study) adolescents might be more likely than adults to underreport risk behaviours; 31 however, under-reporting would attenuate any observable associations. Fifth, similarities in the cultural and social context and epidemiology of cannabis use between Australia and New Zealand suggest that results can be applied to Australasian populations. Because rates of cannabis use in young people in Australasia are similar to those in other high-income countries (eg, in the USA, Canada, and the UK), 32, 33 generalisability of fi ndings to those settings is supported. Nevertheless, the social and legislative context of cannabis use varies between regions, 2 and remains an important consideration in the generalisation of these fi ndings.
This study extends previous research of the link between adolescent cannabis use and problems later in life by the integration of data from various sources and the provision of control for a broader range of covariates than possible in traditional meta-analyses. The fi ndings provide evidence of the potential harms of adolescent cannabis use across several domains. The prevention or delay of cannabis use in adolescence might have broad health and social benefi ts. The fi ndings are particularly relevant as the movement to decriminalise or legalise cannabis gathers momentum in a number of countries (panel). 2 Research suggests that such changes could lead to an increase in cannabis use mainly through a reduction in price. 36 Although the eff ect of cannabis prices on the intensity and duration of cannabis use is unclear, 36 evidence suggests that lower prices might lead to earlier onset of use. 37 This hypothesis is concerning because the adolescent brain is vulnerable to the eff ects of cannabis 9 and, as our fi ndings suggest, cannabis use in adolescence is associated with increased risk of adverse developmental outcomes. In the rapidly changing political and legislative landscape, protection of adolescents from the potentially adverse eff ects of cannabis use is an important facet of cannabis legislative reforms. Despite increased availability of cannabis (for medical use) in some US states, a study 38 showed no increase in use among young people in those states. Nonethelss, eff orts to reform cannabis legislation should be carefully assessed to ensure they reduce adolescent cannabis use and prevent potentially adverse developmental eff ects.
